A laboratory study related to energetic upstreaming ions in the ionosphere-magnetosphere system is described. The experiment was carried out in a cesium Q machine plasma with a region of nonuniform magnetic field. Electrostatic ion cyclotron waves were excited by drawing an electron current to a small biased exciter electrode. In the presence of the instability, ions are heated in the direction perpendicular to B. Using a gridded retarding potential ion energy analyzer, we followed the evolution of the ion velocity distribution as the ions passed through the heating region and subsequently flowed out along the diverging B field lines. As expected, the heated ions transfer their energy from perpendicular to parallel motion as they move through the region of diverging B field. Both their parallel thermal energy and the parallel drift energy increase at the expense of the perpendicular energy.
INTRODUCTION
The possibility that electrostatic ion cyclotron (EIC) waves which are generated on auroral field lines might be responsible for the production of energetic (keV) ion conics in the ionospheric-magnetospheric plasma has been investigated for several years. (See, for example, the review paper by Horwitz [1982] .) The present paper describes a laboratory study of this phenomenon. We begin with a summary of previous relevant work in the earth's ionosphere-magnetosphere (section 1.1) and the laboratory (section 1.2). Also, whenever appropriate, related theoretical work is considered.
Ionosphere-Magnetosphere
Observations in the distant magnetotail by Frank et al. [1977] indicated a strong source of oxygen ions originating near the earth. Shelley et al. [1976] , Sharp et al. [1977] , and Ghielmetti et al. [1978] reported the observation, at high latitudes and at altitudes of • 1 Re, of two kinds of energetic ion distributions: "conics," with peak fluxes between the directions perpendicular and parallel to the magnetic field, and highly collimated distributions with peak fluxes along the magnetic field. Both distributions have net fluxes out of the ionosphere. While the latter ("ion beams") have been associated with parallel electric fields [Croley et al., 1978] , the "conics" are usually attributed to perpendicular ion heating at low altitudes and subsequent magnetic focusing as the energized ions move up the field lines.
The suggestion that ionospheric ions might, in fact, be accelerated by some kind of VLF waves had been made by Klumpar [1975] . Kintrier et al. [1978] reported the observation of electrostatic hydrogen cyclotron waves in the polar magnetosphere at altitudes of • 1 Re. The electric field detector on board the S3-3 satellite often detected peaks at fre-in the ionosphere-magnetosphere can be found, e.g., in papers by Okuda and Ashour-Abdalla [1983] , Bergmann [1984] , and Okuda and Nishikawa [1984] .
Finally, it should be added that ion heating in terms of ion interaction with EIC waves and subsequent adiabatic motion is not the only mechanism proposed to explain the formation of ion conics. For example, Lennartsson [1980] , Borovsky [1981, 1984] , and Borovsky and Joyce [1983] have argued that the same result can be accomplished by oblique double layers in strongly magnetized plasmas. Also, Chang and Coppi [1981] proposed a mechanism for transverse ion energization by lower hybrid waves. These waves, if of sufficient amplitude (Erms-• 50 mV/m), would produce low-altitude "conics." Parallel ion energization by quasi-static electric fields, in addition, would generate nearly field aligned ion beams, which, in turn, might also excite the EIC waves observed at higher altitudes.
The Laboratory
Electrostatic ion cyclotron waves were observed for the first time over 2 decades ago in a Q machine by drawing an electron current along the axis of a magnetized plasma column to a small positively biased disk [D'Angelo and Motley, 1962; Motley and D'Angelo, 1963] . Waves with a frequency 10-15% larger than the ion cyclotron frequency were excited when the electron drift velocity exceeded a critical value of about 10 times the ion thermal velocity. The observations were inter-preted as waves propagating nearly normal to the magnetic field and radially outward from the current channel with a perpendicular wavelength, 2/, such that (2z•/2/)pi • 1, pi being the ion gyroradius.
The properties of these waves and the conditions of excitation of the instability were accounted for by Drummond Particularly relevant to this report are the results on ion heating by ion cyclotron waves obtained first by the group at UC Irvine and, later, at Tohoku University. They demonstrated that large amplitude (6n/n _• 20-30%) EIC waves can heat the ions in the direction perpendicular to the magnetic field by a factor as large as 10 over the normal Q machine ion temperature of 0.2-0.3 eV. This heating is predicted by numerous theories, as already stated in section 1.1. Also, Stern et al. [1981] have shown that the "heating" really consists of an ion ring distribution plus a background heating; i.e., although there is some heating by thermalization, much of the apparent broadening of the ion velocity distribution was due to the ion ring current, which can only be detected with the resolution available with the optical diagnostic (laser-induced fluorescence) utilized by the UC Irvine group. Further measurements were made !-Lang and Boehmer, 1983] of parallel electric fields associated with EIC waves, which were interpreted in terms of electron trapping by the large amplitude waves.
Related to most of the laboratory experiments discussed here are the nonlocal theories of the EIC instability [e.g., Ganguli and Bakshi, 1982; Bakshi et al., 1983] , in which effects such as the finite width of the current channel are accounted for. The importance of these nonlocal effects in magnetospheric plasmas has also been discussed !- Ganguli et al., 1984] . These theories predict that if the width of the current channel is reduced to a few ion gyroradii, the instability is completely quenched. We have reported recently [Cartier et al., 1985b ] on a systematic test of this "iliamental quenching."
In the present paper we present the results of an experiment, performed in the Iowa Q machine, in which Cs + ions are heated by EIC waves to values of the perpendicular temperature, T•.l, as large as • 1.6-1.8 eV. A transfer of energy from the perpendicular to the parallel (to B) ion motion, as expected from basic physics, is observed as the ions pass through the end portion of the Q device, where the magnetic field strength decreases to values as low as approximately one tenth of that in the heating region. A similar effect, for unheated ions, has been reported previously by Hatakeyama et al. [1974] . The behavior of EIC wave-heated ions in a diverging magnetic field is a novel feature of the present experiment.
The paper is organized as follows. Section 2 presents the minimal theoretical background needed for the interpretation of our results. Section 3 describes the experimental setup, and section 4 the experimental results and comparisons with theory. Section 5 contains a discussion of the results and the conclusions.
THEORETICAL BACKGROUND
This section is intended to provide a minimum theoretical background, needed for a better understanding of the experimental results to be presented in section 4. We consider here the following points: the perpendicular (to B) ion energization by EIC waves (section 2.1) and the evolution of the energized ion energy distribution under conditions of diverging magnetic field (section 2.2). 
Ion Energization by EIC

Energized Ions in a Diverging Magnetic Field
Here we consider the evolution of the ion energies to be expected in a collisionless plasma in a diverging magnetic field. With reference to the peak value of the parallel distribution function decreases, the distiibution broadens, and the peak shifts toward a higher energy.
EXPERIMENTAL SETUP
The experiments were performed in a single-ended Q machine shown schematically in Figure 2a . Cs plasma is produced by surface ionization of cesium atoms sprayed onto a hot (~ 2200øK) tantalum plate 6 cm in diameter and is confined radially by an axial magnetic field variable up to •-5 kG.
The magnetic field is nonhomogeneous near the end of the device (Figure 2b) , and its strength decreases rapidly with increasing z, as one moves into the end chamber, where the plasma is terminated by a large, cold, electrically floating end plate.
The chamber walls are cooled below 0øC to keep the neutral cesium vapor pressure below 10 -6 tort. The plasma density, n, is typically of the order of 109 cm-3, so that mean free paths for ion-ion and electron-ion collisions are of the order of 1 m. The neutral gas pressure is typically a few times 10 -6 tort, corresponding to a mean free path for ibn-neutral atom 
EXPERIMENTAL RESULTS
Data Presentation
The EIC wave properties observed in the present magnetic field configuration have been described in detail in a previous paper [Cartier et al., 1985a] . In attempting to relate these results to the ionospheremagnetosphere system it is essential to point out certain important differences between the laboratory and space configurations. In particular, the Q machine plasma is bounded with peculiar end conditions which are not directly applicable to the essentially infinite plasma of the ionsophere-magnetosphere system. Specifically, the ion distribution function in this experiment is one-sided, and there are essentially no phase space points in the negative vii half plane. Under such conditions a flowing plasma is produced in the reduced magnetic field region. In the space environment such boundaries do not exist, and the distribution function in the "heating region" is fully developed (i.e., both positive and negative vii are represented).
Also, the detector used in this experiment has a very broad angular response, whereas the instruments used in the space measurements have much narrower viewing angles, so that one measures f(Vll, v•_) at many different points in (vii , vñ) space (see, for example, Mizera and Fennell [1977] ). In our retarding potential analyzer, when 0 is zero (see Figure 10b) , the instrument is essentially performing an integral over the distribution function over all %_. Thus the distribution function which we measured here is essentially With these important differences in mind it seems reasonable to conclude that the main results summarized above in points 1 and 2 may be relevant for the process of ion conic formation as discussed, e.g., by Klumpar [1975 Klumpar [ , 1979 , Kintner et al. [1978] , and Ungstrup et al. [1979] . In comparing the laboratory results with the space measurements we stress again that one should be careful in scaling the parameters up to the actual space configuration. For example, the temperature gains observed in the laboratory are considerably smaller than the heating gains inferred from the conic measurements in space. This is primarily due to the fact that although EIC wave amplitudes approaching 30% are present in front of the laboratory exciter electrodes, the heating is confined to a relatively small axial region. In the ionospheric case, on the other hand, the heating region may extend over several thousands of kilometers with EIC wave amplitudes of 2-5%.
Whether or not other processes, such as the acceleration associated with oblique double layers [Lennartsson, 1980; Boroysky, 1981; Borovsky and Joyce, 1983] or the energization by lower hybrid waves [Chang and Coppi, 1981] , may also be important in the formation of conics in the earth's magnetosphere, or even be more important than the mechanism we have investigated, cannot be decided by our experiment. The answer to this question must be left to in situ observations.
